Invasive cardiologists are the most exposed to ionizing radiation among health professionals and show an increased rate of somatic DNA damage. To evaluate the effects of chronic low-dose exposure to ionizing radiation on redox state and apoptotic activation.
Introduction
Recently, there has been a growing concern from advisory bodies on the unprecedented level of professional exposure in interventional cardiologists. 1, 2 Invasive cardiology procedures increased 10-fold in the last 10 years in both Europe and the USA, with concomitant concerns for the safety of the staff directly involved in such relatively strong radiation procedures. Interventional cardiologists have an exposure per head per year 2-3 times higher than that of radiologists, and this exposure has increased steadily in the past 20 years. 3, 4 They represent today perhaps one of the best possible human model to assess the biological effects of chronic exposure to low-dose radiation (LDR). 5 Recent studies suggest that cumulative professional radiological exposure is associated with a non-negligible lifetime attributable risk of cancer for the most exposed contemporary cardiac catheterization laboratory staff. 6 This risk might be associated with an increased micronuclei frequency for interventional cardiologists, but not for clinical cardiologists, which correlates with years of professional activity. 7 On the other side, dated evidence suggest that LDR, induced by very low doses of X-rays, can make human lymphocytes less susceptible to the genetic damage manifested as chromatid breakage induced by a subsequent high dose of X-rays. 8 -10 This phenomenon is an example of 'radiation adaptive response' which have been often evoked as possible mechanisms to stimulate certain protective functions, including antioxidant capacity, DNA repair mechanisms, and apoptosis. 11 -15 Basic studies on the mechanisms of biological response to radiation at low doses are considered a research priority in order to better understand the occupational risks associated with working in a catheterization laboratory with the possible development of long-term health effects. Here, we analysed the response to chronic LDR exposure of a group of interventional cardiologists measuring haematological changes of redox state [reduced glutathione (GSH) in erythrocytes as a marker of antioxidant response and plasma generation of hydrogen peroxide as a marker of oxyradical stress] and increased sensitivity to apoptosis (caspase-3 activity) in lymphocytes, at baseline and following 2 Gy in vitro irradiation.
Methods Subjects
We enrolled 10 healthy exposed professionals (all interventional cardiologists, Group II, exposed: age ¼ 38 + 5 years) and 10 ageand gender-matched unexposed controls (Group I, unexposed) ( Table 1 ). The exposed group included all physicians working in the catheterization unit, while unexposed subjects were recruited among laboratory and hospital workers who did not have radiation exposure. Cholesterol, HDL cholesterol, triglycerides, and blood pressure values in the two groups were in the normal range (data not shown). By film badge dosimetry, exposed subjects had a median exposure of 4 mSv for the last year (range 1 -8) ( Table 1) . In all exposed subjects, a lifetime dosimetric reconstruction was obtained from the local Health Physics data bank. 6 According to ICRP 60 16 
Sample preparation
Blood samples were drawn into glass tubes containing EDTA from the femoral arterial sheaths. Red blood cells were separated from plasma by centrifugation at 3000 g at 48C for 30 min, washed three times with PBS to remove the buffy coat. Alternatively, 6 mL of venous blood was drawn into a glass tube without any anticoagulant to obtain serum samples after centrifugation. Haemolysates were prepared by incubating freshly erythrocytes with cold distilled water followed by microcentrifugation at 1300 g for 10 min. Haemolysis was determinate by spectrophotometric measurement at 540 nm. Mononuclear cells were isolated from peripheral blood. Following density-gradient centrifugation (Ficoll-Paque Plus; GE Healthcare, Milan, Italy), cells were washed three times in PBS, counted with Trypan Blue dye to assess their viability (cell viability .95%) and were immediately cultured as reported. 19 Enzymatic and non-enzymatic glutathione, reactive oxygen species, superoxide dismutase, and catalase assays
The serum total antioxidant capacity was determined by colorimetric measurement using ABTS radical cation as a substrate. 20 Hydrogen peroxide levels on plasma were measured in all subjects by the ferrous oxidation-xylenol orange assay as described previously. 21 Fluorescent measurement of intracellular reactive oxygen species (ROS) was conducted by using permeant and non-fluorescent DCFA. 22 Glutathione content in erythrocytes was determined on haemolysates using phthaldialdehyde as a substrate. 23 Catalase (CAT) and superoxide dismutase (SOD) enzymatic activities were measured on haemolysates by a spectrophotometric method 24 and a commercially available kit (Cayman Chemical Co., Ann Arbor, MI, USA), respectively.
Caspase-3 activity
For caspase-3 enzymatic activity, isolated lymphocytes (1 × 10 6 /mL) were incubated for 3 h in RPMI, 10% FBS. At the end of incubation, we measured caspase-3 activity at baseline and following 2 Gy (200 rad) in vitro irradiation (GAMMACELL 1000 Elite; MDS Nordion, Ottawa, Canada). Cells were washed twice in PBS and suspended in lysis buffer (10 mM Hepes, pH 7.4; 2 mM ethylenediaminetetraacetic acid; 0. To quantify enzymatic activities, an AFC standard curve was determined. Caspase-3 specific activity was measured as nmoles of AFC produced/ min/mg proteins at 378C at saturating substrate concentrations (50 mM).
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Statistical analysis
As variables of interest were normally distributed, data were expressed as mean + SD and comparison between groups was carried out by two-sided Student's t-test. P-values ,0.05 were considered significant. Statistical analyses were performed using Systat Software 7.01. The sample was large enough to provide at least 80% power to detect at P , 0.05 a 50% difference between cases and controls with regard to the three main outcomes of interest, that is, the level of plasma hydrogen peroxide, the GSH concentration in erythrocytes, and the basal level of caspase-3 activity in lymphocytes.
Results
Demographic characteristics of the study subjects are shown in Table 1 . Exposed and control groups had comparable baseline characteristics, including age, sex, and smoking status. Exposed subjects showed a three-fold increase in hydrogen peroxide compared with the unexposed subjects (Group I ¼ 2.21 + 1.03 vs. II ¼ 6.51 + 1.55 mM H 2 O 2 Eq) ( Figure 1A) . As a result of high increase in hydroxyl radical species, it would be expected to observe a different antioxidant level in the sera of the exposed subjects vs. the controls. However, as reported in Figure 2A , the total serum antioxidant power in the two groups did not show any significant change, suggesting a possible generation of adaptive response(s) in the exposed subjects able to counteract the ROS increase by activating antioxidant defence mechanisms.
According to the literature, enzymatic and non-enzymatic pathways exist in human red cells to scavenge and detoxify ROS. The two main systems are represented by the SOD/CAT and GSH/GSH peroxidase (reviewed in Cimen 26 ). The activity of Cu,Zn-SOD in erythrocytes of exposed subjects was significantly lower compared with unexposed ( Figure 2B) . The difference in enzymatic activity was not due to changes in the level of expression since immunoblotting showed comparable amount of SOD in the two groups (data not shown). The limited contribution of SOD in getting rid of ROS in exposed subjects was confirmed by the absence of significant differences in the activity of CAT in the two study groups ( Figure 2C ). On the opposite, differences between exposed and unexposed subjects were observed when measuring the level of GSH. In erythrocytes, GSH is the major antioxidant which protects important proteins such as spectrin; 26, 27 in addition, GSH is also part of the adaptive response induced by LDR. 28, 29 Glutathione was chosen as an antioxidant marker since it has direct radical-scavenging ability and its levels of erythrocyte GSH may reflect the GSH activity in other tissues. 30 As shown in Figure 2D , GSH concentration increased of 1.7-fold in the exposed group and this change was significant (Group I ¼ 20.61 + 2.16 vs. II ¼ 12.37 + 1.22 mM). There was no correlation between GSH levels in erythrocytes and either last year radiation exposure or years of cath lab activity (data not shown). We finally measured the level of total ROS in erythrocytes of both groups. As a result of a balance between the oxidative stress produced by LDR ( Figure 1A ) and antioxidant defences activated by erythrocytes ( Figure 2D ), we did not detect any significant differences in ROS levels ( Figure 1B) . Circumstantial evidence suggest that the induction and magnitude of the adaptive response in human lymphocytes varies among people and depends on several factors including occupational exposure and genetic variability. 18 Apoptosis may represent an important mechanism by which LDR induces an adaptive response in both normal 31 and malignant cells. 32 Since apoptosis is also strongly induced by redox imbalance, we Figure 1 Oxidative stress in non-exposed vs. exposed subjects. (A) Hydrogen peroxide concentration was measured by ferrous oxidationxylenol orange assay and expressed as mM equivalent of H 2 O 2 in plasma of cardiologists chronically exposed to low-dose radiation (black bar) in comparison to a control group of unexposed subjects (white bar). Data are expressed as mean + SD (n ¼ 10, P , 0.05). (B) Fluorescent measurement of intracellular reactive oxygen species was measured by using dichlorofluorescein-diacetate and expressed as a ratio between the fluorescent value after 10 min of 100 mM tert-butyl hydroperoxide exposure vs. basal in erythrocytes of cardiologists chronically exposed to low-dose radiation (black bar) in comparison to a control group of unexposed subjects (white bar). Data are expressed as mean + SD (n ¼ 10, P was not significant).
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measured, in the exposed cardiologists, the activity of caspase-3, a downstream effector of apoptotic processes. As reported in Figure 3 , the basal level of caspase-3 was significantly increased in Group II (exposed); this effect was even more evident when lymphocytes were in vitro irradiated with an acute dose of g-ray (2 Gy). It is worthwhile to note that cells isolated from both exposed and not-exposed groups did not show any morphological sign of apoptosis (data not shown). There was no correlation between caspase-3 activity in lymphocytes and either last year radiation exposure or years of cath lab activity (data not shown).
Discussion
The effective annual dose ranged from 1.5 to 8.4 mSv, corresponding to the average dose equivalent of 200 (range 75-440) chest X-rays per head per year. The lifetime exposure ranged between 20 and 100 mSv (from 1000 to 5000 chest X-rays). These doses, although below the maximal allowable limits set by the International Commission of Radiation Protection, can have clear biological and biochemical effects, as suggested here by the increased level of circulating ROS. A limitation of the study is Figure 3 Caspase-3 activity was measured on isolated lymphocytes of cardiologists chronically exposed to low-dose radiation (black bars) in comparison to a control group of unexposed subjects (white bars) at baseline and following 2 Gy in vitro irradiation as described in the Methods section. Data are expressed as mean + SD (n ¼ 10, P is indicated in the graph). Figure 2 Antioxidant systems in non-exposed vs. exposed subjects. (A) Serum total antioxidant capacity was determined by colorimetric measurement using ABTS as a substrate and expressed as mM equivalent of ascorbic acid in cardiologists chronically exposed to low-dose radiation (black bar) in comparison to a control group of unexposed subjects (white bar). Data are expressed as mean + SD (n ¼ 10, P was not significant). Superoxide dismutase (SOD; B) and catalase (CAT; C) enzymatic activities were measured as reported in the Methods section in haemolysates prepared from cardiologists chronically exposed to low-dose radiation (black bars) in comparison to a control group of unexposed subjects (white bars). Data are expressed as mean + SD (n ¼ 10, P , 0.05 for SOD activity and not significant for CAT activity). (D) Glutathione content was determined on haemolysates of cardiologists chronically exposed to low-dose radiation (black bar) in comparison to a control group of unexposed subjects (white bar) using phthaldialdehyde as a substrate. Data are expressed as mean + SD (n ¼ 10, P , 0.05).
Cellular adaptive response to chronic radiation exposure that the wearing of radiation badges is subject to the user's capacity of remembering to put the badge on, and we did not have an estimation of the compliance for wearing of radiation badges. It is known that one-third of catheterization laboratory staff is negligent in wearing the dosimeters, which may represent a source of significant underestimation of calculated risk. 33 In addition, reliable data on dosimetric exposure were only available for the last year, and the lifetime exposure could only be estimated very indirectly from years of cath lab work and the average number of procedures per year performed by each cardiologist. Our study demonstrated for the first time in interventional cardiologists that chronic exposure to LDR induces at least two physiological adaptive responses: an enhanced antioxidant defence (increased GSH levels in red cells), and an increased baseline level of caspase-3 activity (lymphocytes). Both mechanisms, in different ways, may compensate for the unbalanced ROS and contribute to maintain cellular homeostasis (summarized in the scheme reported in Figure 4) . We hypothesized that in lymphocytes of the exposed group, LDR does not increase caspase-3 activity over the threshold necessary to induce apoptosis ( Figure 4) .
As a consequence of their physiological role, erythrocytes are exposed to continuous oxidative stress deriving from endogenous 26 or exogenous sources, as in the case of professional exposure to radiation. For these reasons, red cells have developed efficient enzymatic and not-enzymatic antioxidant defences not only to preserve themselves from oxidative damage, but, due to their mobility, erythrocytes can be considered an ideal antioxidant acting as an oxidant scavenger throughout the circulation and reducing the damaging mass effect of large quantities of ROS on different tissues. 34 These considerations represent the rationale for the investigation of antioxidant defences in erythrocytes of interventional cardiologists presented in this study. Our data suggest an efficient antioxidant response associated with increased production of GSH, the major antioxidant in red cells, in the exposed population which is probably sufficient to balance the increased ROS production due to LDR and maintaining their intracellular concentration constant (Figure 2) . On the opposite, the SOD/CAT system seems to be involved in this defence mechanism. From a molecular point of view, the significant decrease in Cu,Zn-SOD enzymatic activity without changes in its expression in the group of interventional cardiologist represents an interesting observation which deserves further investigation actually in progress. It is worthwhile to note that other authors reported decreased activity of SOD in worker occupationally exposed to LDR. 35 In a study examining a group of medical workers exposed to ionizing radiation, no significant differences were detected in the content of GSH vs. controls. In this case, the explanation compared with our data may reside in the observation that GSH was not measured in erythrocytes, but in the plasma of the examinees. 29 Several mechanisms have been enacted by cells and organism to counteract the effects of ionizing radiations. Apoptosis, including programmed cell death, is a process in which a cell terminates itself by the destruction of vital cellular components or DNA via various molecular signalling pathways. In apoptosis, cells condense and fragment into membrane-bound apoptotic bodies, which are then ingested by phagocytes of the immune system for clearance. 36, 37 Medium-and high-dose radiations have been described Figure 4 Schematic representation of the effect of low-dose radiation in interventional cardiologists accordingly to date reported in the text.
In normal subjects (unexposed), the cellular redox homeostasis is maintained by a delicate equilibrium between reactive oxygen species production (endogenous and exogenous) and counteracting activity of antioxidant systems (enzymatic and non-enzymatic). Apoptosis may play a key role in this process since increased reactive oxygen species may lead to cell death. Prolonged exposure to low-dose radiation (interventional cardiologists) generates an increase in reactive oxygen species production which, in erythrocytes, is balanced by over-production of glutathione, while, in lymphocytes, this event increases the baseline level of caspase-3 without reaching the threshold necessary to induce apoptosis. Both defence mechanisms ensure redox balance in exposed subjects.
to induce substantial levels of unrepairable, cellular damage leading to apoptosis. 38 Adaptive responses induced by LDR have been observed in haematopoietic and immune systems, as shown by stimulatory effects on cell growth and resistance to subsequent radiation-induced cytogenetic damage. 31 However, in terms of cell death by apoptosis, the effects of LDR are controversial. Some studies showed decreased apoptosis in response to LDR while others showed increased apoptosis. This controversy may be related to the radiation doses or dose rates, to the cell types, or to the species under investigation. 32, 39, 40 Modifications of the complex intercellular ROS-based signalling system may also lead to configurations in which LDR attenuates ROS-mediated apoptosis induction. 32 A key issue in the present study is that the population of exposed subjects is healthy, despite the level of exposure. The higher apoptotic threshold of their lymphocytes, at baseline and following high-dose radiation, can act as a doubleedged sword: it is deleterious if it accelerates apoptosis in healthy cells. However, this does not seem to be the case in the present study, since the lymphocytes we analysed did not present any sign of apoptosis, nor the exposed cardiologists actually manifested any apoptosis-related disorders. Alternatively, an increased basal level of caspase-3 may predispose cells to genetic damage thus avoiding oncogenic effects, by removing potentially malignant somatic cells that contain a certain type and amount of DNA damage. 7 In support of our data, it is worthwhile to mention that peripheral blood lymphocytes after a 5 Gy g-irradiation showed a weak caspase-3 activation. 41 On the opposite, cell lines with a functional p53 status showed high sensitivity to LDR resulting in increased apoptosis. 42 However, others reported that low LET radiation induces a death response which has many characteristics of apoptosis but is p53-independent. 43 Overall, these evidence suggest that the cellular proliferative status is an important determinant in response to LDR. The unprecedented radiation exposure of the interventional cardiologists and staff in the cardiac catheterization laboratory represents a challenge and an opportunity for the cardiology community. Now, it is becoming increasingly clear that long-term radiation-induced cancer risk can be dramatically minimized by effective implementation of good practice of radiation protection in the catheterization laboratory, 44 and 'responsibility is on all physicians to minimize the radiation injury hazard to their patient, to their professional staff, and to themselves'. 45 It is also an opportunity, since highly exposed interventional cardiologists are a suitable, perhaps unique model to understand the still elusive mechanisms of biological adaptation to chronic exposure to LDR. The finding of the present study clearly emphasize that a level of radiation exposure which is considered 'safe' by regulatory standards can induce a profound biochemical and cellular adaptation, of still uncertain clinical meaning, which must be understood to implement-if needed-appropriate countermeasures, from reduced exposure to chemoprophylaxis.
